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A B S T R A C T

Green m acroalgal bloom s are becom ing a com m on prob lem  in  coastal w aters and estuaries. This study  
describes the firs t occurrence o f a persistent m acroalgal b loom  o f the genus Anadyom ene  J.V. Lam ­
ouroux (C ladophorales, Anadyom enaceae) in  the  w o rld  and particu la rly  in  Biscayne Bay, FL, USA. The 
m orphological-based iden tifica tion  o f species was verified  by a m olecular analysis th a t sequenced the  
variab le C1D2 region o f the  large subunit (LSU) nrD NA . Results indicate  th a t the  b loom  is com posed o f 
tw o  species: A nadyom ene s te lla ta , reported  previously for Florida, and a d im in u tive  perforate  u n de ter­
m ined  species, Anadyom ene  sp., p o ten tia lly  representing an in tro ductio n  in  the area. General surveys in  
Biscayne Bay based on a stratified  random  design, to  v isually  estim ate  the percent cover o f subm erged  
aquatic  vegetation, date from  1999; using the same m ethods recent in tensive surveys o f the detected  
bloom  w ere  conducted once a year from  2 01 0  to 2012 . Results show th a t the A nadyom ene  b loom  densities  
have persisted since 2005  through 2012  covering an area o f approx im ate ly  601<m2 o f seagrass habitats. 
The spatial d istrib u tio n  o f the  bloom  is restric ted to the centra l inshore section o f the Bay, an area affected  
by canals and grou ndw ater discharges. The persistent 75% cover reported  for several sites, has caused 
significant negative im pacts to seagrass beds. This b loom  occurring adjacent to  m etro p o litan  M ia m i, adds 
to the w o rld  trend  o f increasing green m acroalgal bloom s occurring at enriched coastal w aters.
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1. Introduction

Harmful algal blooms (HAB) are becoming an increasingly sig­
nificant problem as population and coastal development continue 
to grow (Ye et al„ 2011). The problem is so prevalent that almost 
every country w ith  a coastline has either experienced a bloom or 
is facing the risk of one (Anderson, 2009). Algal blooms are gener­
ally associated w ith  phytoplankton (microalgae and cyanobacteria) 
species, however, several macroalgal species are also known to 
bloom (Valiela et al„ 1997; Smith et al„ 2005; Piñón-Gimate et al., 
2009; Nelson et al., 2008). These ephemeral or persistent HABs 
have been associated w ith  nutrient loads from urban or agricul­
tural drainages and other sources such as shrimp farms (Valiela 
et al„ 1997; Piñón-Gimate et al., 2009). Introduced algal species
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have been also associated w ith  blooms, such as Caulerpa taxifolia 
(M. Vahl) C. Agardh in the Mediterranean or Caulerpa brachypus f. 
parvifolia (Harvey) A.B. Cribb in Florida, making the identification of 
any algal bloom species a very important step for its management 
(W illiam  and Smith, 2007; Lapointe and Bedford, 2010; Guidone 
and Thornber, 2013).

Macroalgal blooms have been reported to be composed of red, 
green and brown algae (Valiela et al„ 1997; W illiam  and Smith, 
2007); however the majority and largest blooms are found w ith in  
species of the Chlorophyta phylum. Some “green tides” reported 
belong to the Ulvophyceae, including several species of the gen­
era Ulva Linnaeus and Monostroma Thuret. The largest macroalgal 
bloom reported so far is the Ulva prolifera O.F. Müller 2008 bloom 
offshore of Qingdao, China. This bloom which span was approxi­
mately 13,000 km2 in the Yellow Sea produced approximately 20 
m illion wet tons of algae w ith  an extremely expensive manage­
ment cost (Leliaert et al„ 2009; Liu et al„ 2009). Other examples of 
blooming-forming species of the class Ulvophyceae include tem­
perate species such as Cladophora vagabunda (Linnaeus) Hoek in 
Waquoit Bay, MA, USA (Peckol et al„ 1994); and tropical species 
such as Cladophora prolifera (Roth) Kützing in Bermuda which 
lasted for several decades (Bach and Josselyn, 1978; Lapointe and 
O’Connell, 1989). Recent reports include Anadyomene gigantodyc- 
tion Littler and Littler, found overgrowing deep water gorgonian 
corals in Belize (Littler and Littler, 2012) and Boodlea composite 
(Harvey) F. Brand at the Northwester Hawaiian Islands (Vroom 
et al., 2009). A ll the above mentioned species have in common 
a morphology and anatomy that results in a high surface area 
to volume ratio (SA:V) that suggests they can respond rapidly to 
increased nutrient inputs (Littler and Littler, 1980).

Biscayne Bay is a subtropical estuarine lagoon w ith in  Miami- 
Dade County, FL, and adjacent to the City of Miami, which has 
approximately 450,000 inhabitants, w ith  2.5 m illion inhabitants 
in the county. Since early 1950s, the hydrology of the bay has 
been altered to meet the needs of the growing population and 
has become subject to dredging, urban runoff, sewage, and other 
anthropogenic influences that have altered the health and function 
of the ecosystem (Light and Dineen, 1994). In addition, the port of 
Miami, located in Biscayne Bay, has a large cargo and tourism traffic 
increasing the likelihood of species introduction in the area.

The submerged aquatic vegetation (SAV) of the lagoon is charac­
terized by seagrasses and drifting and rhizophytic macroalgae, w ith  
approximately 60 species reported; including one species of Anady­
omene (Biber and Irlandi, 2006; Lirman et al„ 2008; Collado-Vides 
et al„ 2011). Biscayne Bay has the lowest water column nutrient 
concentrations in the state, however, specific regions of Biscayne 
Bay are reported to have higher water-column nutrients indica­
tive of terrestrial/groundwater nutrient loading (Caccia and Boyer, 
2007; Stalker et al„ 2009). These conditions are consistent w ith  
the high nitrogen (N) content found in seaweed tissue reported 
by Collado-Vides et al. (2011 ), which are similar to/or higher than 
those found in algae under experimentally enriched treatments, 
as well as those growing close to nutrient-rich mangrove areas 
(Lapointe, 1987,1997), suggesting that SAV organisms are growing 
exposed to relatively high nutrient availability indicating elevated 
risk levels for blooming events.

Consistent w ith  these nutrient patterns, we report the first 
occurrence of a persistent bloom of Anadyomene V.J. Lamouroux 
(Cladophorales, Anadyomenaceae) species. Morphological and 
phylogenetic molecular analyses were used to test the taxonomic 
identity of the blooming species, which has the potential of being 
a new record for the study site. Due to the presence of canals, the 
highest abundance and persistence of the bloom is expected to be 
close to areas affected by canals discharges compared w ith  areas 
further offshore. The information included in this study adds to 
the increasing list o f green macroalgal blooms in coastal habitats,

Fig. 1. Map of Biscayne Bay showing the distribution of the algal bloom, (a) General 
geographical location of the bloom, (b) zoom of the bloom abundance distribution.

and call the attention to shifting conditions in coastal waters w ith  
potential negative consequences on the structure and function of 
seagrass habitats.

2. Methods

2.1. Study area

Biscayne Bay is adjacent to the city of Miami, FL, USA 
(25:33'57" N, 80° 12'59" W) (Fig. 1 ). Due to its natural and economic 
importance, Biscayne Bay is designated an Outstanding Florida 
Waterway by the state of Florida. Biscayne Bay is comprised of 
two state aquatic preserves and a national park. Biscayne National 
Park is located in the central part o f the bay and is managed by 
the National Park Service. The Biscayne Bay Aquatic Preserves are 
located to the north and south of the national park, where the bloom 
is most dense, and is managed by the Florida Department of Envi­
ronmental Protection. The lagoon is a coastal estuary affected by 
freshwater and nutrient inputs from canals, groundwater, precip­
itation, and overland flows (Caccia and Boyer, 2007; Stalker et al„ 
2009). The submerged aquatic vegetation of Biscayne Bay is char­
acterized by four seagrass species w ith  the dominance of Thalassia 
testudinum  Banks ex König, followed by Halodule w righ tii Ascher- 
son, and Syringodium filifo rm e  Kützing. Ruppia maritima  Linnaeus 
has a lim ited presence, reduced to areas w ith  high fresh water 
loads. Approximately 60 species of macroalgae have been reported 
w ith in  Biscayne Bay, w ith  a dominance of species in the genera Hal­
imeda J.V. Lamouroux and Penicillus Lamarck w ith in  seagrass beds 
under marine conditions, and red algae of the genus Laurencia J.V.
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Lamouroux w ith in  seagrasses exposed to lower and more variable 
salinity (Collado-Vides et al„ 2011). The bottom where the bloom 
was found is dominated by T. testudinum  and algae of the genus 
Halimeda and Penicillus.

2.2. Morphological identification

Algal material was collected at the bloom sites, and preserved 
in 4% formaldehyde seawater solution for identification. Taxonomic 
characteristics were evaluated following Littler and Littler (1991). 
Live material was collected, and rapidly dried in 20 ml vials w ith  
silica gel for molecular analysis; some live material was kept fresh 
and used to measure cell dimensions and take photographs. Micro­
scopic pictures were taken w ith  an eye piece camera ScopeTech 
(Hangzhou, China), using a Leica microscope. Measurements were 
made w ith  a calibrated ocular micrometer.

2.3. Molecular phytogeny

Morphology-based species identification was verified by 
sequencing the variable C1D2 region of the large subunit (LSU) 
nrDNA of two Anadyomene specimens from the blooming area 
in Biscayne Bay, in addition to seven additional specimens 
of Anadyomene pavonina from Panama, and A. stellata from 
Panama, Costa Rica, and Greece. DNA extraction, polymerase 
chain reaction (PCR) amplification and sequencing were per­
formed as described in Leliaert et al. (2007a). The newly generated 
sequences are deposited in EMBL/GenBank under accession num­
bers HF936684-HF936692. These sequences were then combined 
w ith  available sequences from the Anadyomene /Microdictyon clade 
(Leliaert et al„ 2007b), and aligned using MUSCLE (Edgar, 2004). 
Selection of the model of nucleotide substitution was performed 
using the Akaike information criterion w ith  jModelTest vO.1.1 
(Posada, 2008). Maximum likelihood (ML) phylogenetic analysis 
was performed using PhyML under a general time-reversible model 
w ith  gamma distribution split into four categories and no separate 
rate class for invariable sites (GTR + G). The reliability of internal 
branches was evaluated w ith  nonparametric bootstrapping (1000 
replicates). The tree was rooted w ith  “Boodlea” vanbosseae fo llow­
ing Leliaert et al. (2007b).

2.4. Field surveys

2.4.1. History and abundance
Benthic habitats of Biscayne Bay have been monitored for more 

than 3 decades by Miami-Dade County. Systematic monitoring 
cover started in 1999 and 2003, by Miami Dade County and the 
University of Miami, respectively, conducting surveys based on a 
stratified random design, to visually estimate the percent cover 
of SAV. The percent cover of seagrass and green macroalgae was 
estimated for each site using in situ 0.25 m2 quadrats (Miami 
Dade County, n=4 quadrats per site) or photographs (University 
of Miami, 10 images per site) (Lirman et al„ 2008). Starting in 2010, 
an intensive monitoring program was concentrated on the area of 
Biscayne Bay where the algal bloom was dominant. These targeted 
surveys covered approximately 70 km2 (Fig. 1), a total of 181 sites 
were surveyed in 2010-2012. Sites were aggregated in five groups 
based on geographic characteristics, group 1 included all sites in 
proxim ity to canal areas, group 2 included sites in the central part 
o f the bloom, group 3 clumped sites at the edge of bloom on the 
central area, group 4 contained the sites at the south edge of the 
bloom and group 5 clumped sites in the north area of the bloom.

2.4.2. Statistical analysis
The 2010-2012 surveys resulted in a very large data-set, robust 

enough to apply parametric tests even i f  they do not comply w ith

normality and homogeneity of variance (Underwood, 1997). A m ul­
tiple ANOVA followed by a post hoc Bonferroni multiple comparison 
test was applied to detect changes on species abundance, through 
time and space for all data from 2010 through 2012, w ith  time 
(years), groups (close to canal, central, north, south edge and cen­
tral edge) and time*group as factors. A one-way ANOVA was applied 
for each area (groups) w ith  year as a factor to detect area-specific 
changes through time. A Pearson correlation was applied to all per­
cent cover data to evaluate relationships between Anadyomene sp. 
and T. testudinum. A ll statistical analyses were conducted in SPSS v. 
19.

3. Results

Two species were observed forming the bloom; one species 
is a sturdy eperforate blade form, while the second species is a 
dim inutive perforate form. The bloom was found in shallow waters 
between 2 and 4 m deep, and specimens were usually observed 
drifting or entangled on seagrass (Fig. 2a).

3.1. Morphological analysis

The dim inutive form of Anadyomene covered large areas of sea­
grass beds and, in some sites, completely overgrew the seagrass 
shoots (Fig. 2b, Fig. A Í). This species has a foliose, highly per­
forate mesh-like, and decumbent thallus, up to 5 cm in length 
and 3 cm wide. Veins are composed of uniseriate chains of cylin­
drical cells, decreasing in length distally; proximal vein cell 
dimensions are highly variable w ith  cell length 0.66-1.1 mm, 
cell w id th  0.13-0.23 mm, and cell length/width (i/w) ratio 3-8; 
mid-blade vein cell dimensions are less variable w ith  cell length 
0.65-0.97 mm, cell w id th  0.13-0.19 mm width, and cell l/w  ratio 
3.8-7; distal vein cell dimension are smaller w ith  cell length 
0.32-0.57 mm, cell w idth 0.11-0.18 mm, and cell i/w  ratio 2.1-3.5; 
veins branch polychotomously w ith  3-6 branches radiating periph­
erally throughout the blade. Interstitial cells are ovoid or elliptical, 
arranged randomly and branching polychotomously; little  or no 
overlap of adjacent cells throughout the blade, blunt attachment of 
interstitial cells w ith  adjacent cells that lack tentacula. Most spec­
imens unattached, w ith  no clear stipe formed from descending 
rhizoids, but rhizoidal elongations are present. The distal margin 
has terminal marginal cells that can be free or anastomosing to 
adjacent cells. Our specimens lack distinct veins bordering perfora­
tions. The morphological characteristics do not fit completely w ith  
any described species therefore we leave it as undetermined.

The larger Anadyomene form was also found covering large 
extensions of seagrass beds (Fig. 2c, Fig. A2). It had an erect foliose 
thallus, up to 8 cm tail, and grew as sturdy fronds forming dense 
clumps; blades were eperforate and robust. Veins are composed 
of single uniseriate chains, w ith  cylindrical cells slightly swollen 
at their distal ends. The veins decrease in size toward distal mar­
gin; proximal veins cell length 1 -1.8 mm, cell w idth 0.14-0.27 mm, 
cell I/w  ratio 5.4-11.2; mid-blade cell length 0.68-1.15 mm, cell 
w idth 0.12-0.22 mm, cell i/w  ratio 3.8-8.1, distal cell length 
0.38-0.98 mm, cell w idth 0.13-0.21, cell i/w  ratio 2.7-4.6; intersti­
tial cells generally arranged parallel to each other; rhizoids mainly 
in the basal regions of blades; veins polychotomously branching 
(2-6 branches); growing edge smooth or lobed, composed of small 
round or oval cells. The morphological characteristics of these spec­
imens fit the description of Anadyomene stellata (Wulfen) C. Agardh.

3.2. Molecular analysis

The partial large subunit (LSU) rDNA alignment, containing 41 
sequences of the Anadyomene/Microdictyon clade was 630 sites 
long, including 56 variable sites. The maximum likelihood tree is
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Table 1
Two-Way ANOVA for all 2010-2012 data, group, year and group*year as factors. Asp, 
Anadyomene sp.; As, Anadyomene stellata; Hw, Halodule w righ tii; Sf, Syringodium f i l i ­
form e; Tt, Thalassia testudinum. Superscript numbers by species represent Bonferroni 
significant differences.

' ' K  « 400 pm

200 um

Fig. 2. (a) blooming area reaching 100% cover displacing seagrass, (b) Anadyomene 
sp. habit, (c) A. stellata habit.

shown in Fig. 3. The sequence data showed that the two specimens 
from the bloom belong to two different species. One sequence clus­
ters w ith  specimens identified as A  stellata from the Mediterranean 
Sea, Canary Islands and the Caribbean Sea. A  stellata was sister to 
Anadyomene saldanhae Joly et Oliveira Filho also including speci­
mens from both sides of the Atlantic Ocean. The other specimen, 
morphologically undetermined, formed a singleton that was most 
closely related to the A. stellata-A. saldanhae clade.

Factor Species d f Mean square F V

Asp34 4 83337.856 85.009 <0.0001
As1-2'3'4 4 4338.549 20.280 <0.0001

Group Hw3 4 560.864 18.314 <0.0001
Sf3 4 1111.033 7.383 <0.0001
J|-3-4-5 4 15889.045 22.088 <0.0001

Asp1'3 2 23464.859 23.935 <0.0001
As1'2 2 689.967 3.225 0.040

Year Hw 2 52.430 1.712 0.181
Sf2'3 2 144.960 0.963 0.382
Tt1'2'3 2 6896.595 9.587 <0.0001

Asp 8 6372.463 6.500 <0.0001
As 8 458.007 2.141 0.030

Group*year Hw 8 161.294 5.267 <0.0001
Sf 8 90.027 0.598 0.780
Tt 8 2303.524 3.202 0.001

3.3. Bloom abundance spatial and temporal distribution

The dominant SAV species observed in the region of the algal 
bloom w ith in  Biscayne Bay were T. testudinum (average cover of 
26%), followed by S. filifo rm e  (average cover of 4%), and H. w righ tii 
(average cover of 1%). Macroalgal species were rare and repre­
sented by species of the genus Halimeda and Penicillus, occasional 
drifting red masses composed by species of the Laurencia complex 
could be found in areas boarding the bloom region. The overall area 
was dominated by the two blooming Anadyomene species; w ith  an 
overall average cover of 42%.

Anadyomene species have been detected in low abundance 
w ith in  the Bay since the beginning of the surveys (1999), and 
the majority of the sites surveyed during the following years 
(1999-2004) had a % cover between 0% and 50%. Very few sites 
showing a % cover >50%. The opposite pattern was detected for 
the dominant seagrass, T. testudinum, which had in many sites 
a % cover >75% during the 1999-2004 period. During the years 
of 2005-2008 the Anadyomene bloom was concentrated at the 
north-central inshore section of the Bay, covering an area of approx­
imately 60 km2. In that same period the abundance of the bloom 
increased considerably reaching 100% cover in several sites (Fig. 4). 
The cover of Anadyomene sp. and T. testudinum showed an inverse 
relationship over time, where the cover of T. testudinum  was high 
in the period between 1999 and 2004, but decreased significantly 
between 2005 and 2008. Conversely, the abundance of Anadyomene 
sp. was low during 1999-2004, and increased significantly during 
2005-2008.

The intensive three year surveys in the bloom area showed 
that the overall abundance of the three seagrasses and the two 
Anadyomene species had a characteristic spatial distribution w ith  
significant differences between areas. Anadyomene sp. had the 
highest abundances close to canals, in the center of the bloom and 
in the north area, while, A. stellata was concentrated at the north of 
the bloom. T. testudinum was abundant at the edges of the bloom, 
while S. filifo rm e  and H. w righ tii had an insignificant presence at the 
central edge of the bloom, w ith  m inimal abundance in the rest of 
the study area (Fig. 5, Table 1 ).

Overall abundance of Anadyomene sp., and T. testudinum  had 
significant variability through time (Fig. 6, Table 1). A significant 
decrease of abundance was detected for Anadyomene sp. from 
2011 to 2012 (Table 1) and an increase of T. testudinum  by 2012. 
No significant differences between years were found for S. filiform e  
and H. w righ tii abundance (Table 1); however the variability in 
abundance was different per area (Fig. 7, Table 2). The area close
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Fig. 3. Maximum likelihood tree ofthe Anadyomene/Microdictyon clade inferred from partial LSU nrDNA sequences, showing the phylogenetic position of Anadyomene stellata 
and Anadyomene sp. from Florida. ML bootstrap values (>50) are indicated at branches.

to canals had the highest variability, w ith  four species showing 
significant variation in cover over the period between 2010 and 
2012. The Central and Central Edge portions were apparently less 
dynamic w ith  2 species showing significant variation over time, 
and the South Edge and North Area were least dynamic, w ith  only 
Anadyomene sp. showing significant variation over time.

4. Discussion

The persistent green macroalgal bloom in Biscayne Bay, Florida, 
is composed of two Anadyomene species. Thirteen Anadyomene 
species are described worldwide, from those, nine species are 
present in the tropical Western Atlantic coasts, 6 have an eperfo- 
rated blade while only 3 have mesh-like thallus w ith  perforated 
blade (Alves et al„ 2011 ; Littler and Littler, 2012). The morpholog­
ical identification of A. stellata from Biscayne Bay, confirmed based 
on available DNA sequences has an amphi-Atlantic distribution

w ith  confirmed DNA records from the Mediterranean Sea (type 
locality), Canary Islands and the Caribbean Sea. Another specimen, 
previously identified as A. stellata from the Philippines (Leliaert 
et al„ 2003), clearly belongs to a different species. A. stellata is 
closely related to A. saldanhae, which also has an amphi-Atlantic 
distribution, and Anadyomene sp. is sister to that clade. As in 
previously published LSU-based phylogenies, the monophyly of 
Anadyomene and Microdictyon was not supported (Leliaert et al„ 
2007a,b). W ith  the provided morphological and molecular anal­
ysis, the identification of A. stellata is clear and robust. A. stellata 
has previously been reported for Florida (Littler and Littler, 2000; 
Dawes and Mathieson, 2008) and particularly to Biscayne Bay 
(Collado-Vides et al„ 2011). However, this is the first report for 
this species reaching blooming characteristics.

Anadyomene sp. is a perforated species morphologically clearly 
separated from two perforated species reported for the West­
ern Atlantic: Anadyomene gigantodictyon  Littler and Littler and
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A  pavonina, (J. Agardh) Wille, the molecular data further con­
firmed that Anadyomene sp. is distinct from A  pavonina; at present 
DNA sequence data is lacking for the other perforate species, A  
gigantiodictyon. The morphological characteristics, such as cell size 
and general cell and branching patterns of our specimens closely 
resemble the third eperforate described species for the Western 
Atlantic Anadyomene linkiana Littler and Littler a dim inutive perfo­
rated species reported for deep waters of the Bahamas (Littler and 
Littler, 1991 ), however some distinct morphological characteristics 
were absent in our material. The original description of A  linkiana 
mentions the presence of dim inutive stipe formed by 3-9 rhi- 
zoidal elongations. In our specimens, distinct stipes were lacking,
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Fig. 5. Overall average % cover of species per area. Asp, Anadyomene sp.; As, 
Anadyomene stellata; Hw, Halodule w righ tii; Sf, Syringodium filiform e; Tt, Thalassia 
testudinum.

although small rhizoids were detected. The absence of stipes can 
be attributed to the drifting habit acquired during blooming stage, 
it is well documented that drifting algae can modify some of their 
morphological characteristics when losing their attachment to sub­
strate including the loss of their holdfast (Norton and Mathieson, 
1983). A second difference is the absence of vein-encircled perfora­
tion described for mature specimens, which is likely a consequence 
of the fact that the bloom-forming specimens were drifting 
specimens in rapid blooming growth maintaining juvenile charac­
teristics. These morphological inconsistencies and the lack of DNA 
data from the original A  linkiana do not allow us to completely iden­
tify  our material w ith  this taxon. Further investigations are needed 
to confirm the identity of Anadyomene sp. as A  linkiana; or as a new 
species, in either case it w ill be a new record for Florida.

Several cases have been reported in coastal ecosystems where 
nutrient enrichment can degrade an ecosystem functioning; exam­
ples are from freshwater and estuarine environments (Scheffer 
and van Nes, 2007; Frankovichi et al., 2011) and seagrass beds 
(McGlathery, 2001 ; Williams, 2007). Increased nutrient loadings in 
coastal waters have been associated w ith  a shift in dominance from 
seagrass and perennial macroalgae to ephemeral, bloom-forming

Asp • As Hw — •  —Sf

o
>o
o

2010 2011 2012
Fig. 6. Overall temporal abundance of species. Asp, Anadyomene sp.; As, Anadyomene stellata; Hw, Halodule w righ tii; Sf, Syringodium filiform e; Tt, Thalassia testudinum.
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Table 2
One-way ANOVA per area w ith  year as factor. Asp, Anadyomene sp.; As, Anadyomene stellata: Hw, Halodule w righ tii: Sf, Syringodium filiform e: Tt, Thalassia testudinum. Only 
significant differences are presented.

Species Sum o f squares d f Mean square F V

Area 1 : Close to canal
Asp 41332.019 2 20666.010 14.603 <0.0001
As 196.884 2 98.442 4.065 0.018
Tt 25603.297 2 12801.648 18.736 <0.0001
Hw 39.022 2 19.511 3.666 0.027

Area 2: Central area o f the bloom
Asp 32526.717 2 16263.358 14.403 <0.0001
Tt 10309.844 2 5154.922 8.320 <0.0001

Area 3: Central edge
Tt 9392.446 2 4696.223 4.980 0.008
Hw 1508.585 2 754.293 8.491 <0.0001

Area 4: South Edge
Asp 3053.225 2 1526.613 3.164 0.049

Area 5: North area
Asp 28273.691 2 14136.845 11.153 <0.0001

the central area needs to be further examined (Stalker et al„ 2009). 
The temporal and spatial dynamics found showed that historically, 
the establishment of the bloom resulted in a detrimental effect 
on the seagrasses; furthermore the significant temporal and spa­
tial differences across areas might reflect the dynamics of nutrient 
sources and hydrological characteristics of the area (Stalker et al„ 
2009).

Biscayne Bay is a fragile ecosystem at the edge of a densely 
populated and highly developed area, as well as a large port sup­
porting high volumes of freight shipping and passenger ships. The 
presence of a bloom of a morphological simple species, including 
a new record for the area, might be a symptom of nutrient enrich­
ment that facilitates the expansion of seaweeds. The blooming 
species completely covered extensive areas of pre-existing seagrass 
bed, resulting in the loss of significant coverage of seagrasses. The 
impacts to the seagrass habitats in Biscayne Bay can have dramatic 
effects in the ecosystem as demonstrated in other shallow water 
seagrass environments (Williams, 2007; Nelson et al„ 2008).

5. Conclusions

In this study we reported an Anadyomene species complex per­
sistent bloom in Biscayne Bay, Florida, which might be an important 
sign of nutrient loadings in the Bay. This bloom is composed by A  
stellata, and Anadyomene sp., two green macroalgae, adding two 
species to the list of green bloom forming macroalgae (Ye et al„ 
2011; Williams, 2007). In the case of Anadyomene sp. this report 
highlights the potential introduction of a new species blooming 
once is present in rich waters, a possible phenomenon that we 
might experience more frequently in coastal areas. The spatial 
and temporal distribution of the blooming species is related w ith  
areas affected by land nutrient sources such as canals, and possibly 
groundwater discharges.
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ing from canal discharges likely facilitating the rapid growth of 
fast growing algal species, as documented here where the highest 
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Florida, and Biscayne Bay, has been document to support significant 
groundwater discharge to the bay (Langevin, 2003). The part that 
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Fig. A .I. Anadyomene sp. morphological characteristics, (a) Thallus habit; (b) view o f deumbent perforated mesh, arrows sign uniseriate proximal veins; (c) detail o f juvenile 
mesh at its proximal portion arrows show main uniseriate vein; (d) detail o f proximal portion o f adult mesh, arrow show polychotomous branching; (e) detail o f early 
stages o f the mesh arrow sign rhizoidal elongation; (f) distal portion of the mesh showing decreasing perforations, arrow sign anastomosis of marginal cells and decrease of 
preforation size.

Fig. A.2. Anadyomene stellata morphological characteristics, (a) Thallus habit; (b) view o f eperforated blade, arrows sign uniseriate mid veins; (c) detail o f proximal portion 
of blade, arrow show polychotomous branching and swollen cells at their distal portion; (d) mid portion of the blade, arrow sign paralelle intersticial cells; (e) proximal 
section o f the blade, arrow sign rhizoid detail; (f) distal section o f the blade showing blade lobulal margin, arrows sign mariginal oval cells.

RECOVER program. We thank Sofie D’hondt for her assistance w ith 
the molecular work. We sincerely thank Andrea Bernecker, Barrett 
Brooks, Diane & Mark Littler, Heroen Verbruggen and Brian Wysor 
for providing specimens used for molecular analysis. This is con­
tribution number 626 from the Southeast Environmental Research 
Center at Florida International University.

Appendix A.

See Figs. A.l and A.2.

References

Alves, A.M., De Souza Gestinari, L.M., Do Nascimento Moura, C.W., 2011. Morphology 
and taxonomy of Anadyomene species (Cladophorales, Chlorophyta) from Bahia. 
Brazil. Bot. Mar. 54 ,135-145.

Anderson, D.M., 2009. Approaches to monitoring, control and management o f harm­
ful algal blooms (HABs). Ocean Coast. Manage. 52 ,342-347.

Bach, S.D., Josselyn, M.N., 1978. Mass blooms o f the alga Cladophora in Bermuda.
Mar. Pollut. Bull. 9 ,34 -37 .

Biber, P.D., Irlandi, E.A., 2006. Temporal and spatial dynamics o f macroalgal commu­
nities along an anthropogenic salinity gradient in Biscayne Bay (Florida, USA). 
Aquat. Bot. 85,65-77 .

Blomster, J., Bäck, S., Fewer, D.P., Kiirikki, M., Lehvo, A., Maggs, C.A., Stanhope, M.J., 
2002. Novel morphology in Enteromorpha (Ulvophyceae) forming green tides. 
Am.J. Bot. 89,1756-1763.



L. Collado-Vides et al. /  Aquatic Botany 111 (2013)95-103 103

Briceño, H.O., Boyer, J.N., Harlem, P.W., 2011. Ecological Impacts on Biscayne Bay 
and Biscayne National Park from Proposed South Miami-Dade County Develop­
ment, and Derivation of Numeric Nutrient Criteria for South Florida Estuaries 
and Coastal Waters. NPS TA# J5297-08-0085, Florida International University, 
Southeast Environmental Research Center Contribution #T-530 , pp. 145.

Caccia, V.G., Boyer, J., 2007. A nutrient loading budget for Biscayne Bay. Florida Mar. 
Pollut. Bull. 54, 994-1008.

Collado-Vides, L., Mazzei, V., Thyberg, T., Lirman, D., 2011. Spatiotemporal patterns 
and nutrient status of macroalgae in a heavily managed region of Biscayne Bay, 
Florida, USA. Bot. Mar. 54, 377-390.

Dawes, C.J., Mathieson, A.C., 2008. The Seaweeds of Florida. University Press of 
Florida, Gainesville, FL, pp. 591.

Edgar, R.C., 2004. MUSCLE: a multiple sequence alignment method w ith  reduced 
time and space complexity. BMC Bioinform. 5 ,1 -1 9 .

Frankovich, T.A., Morrison, D., Fourqurean, J.W., 2011. Benthic macrophyte distribu­
tion and abundance in estuarine mangrove lakes and estuaries: relationships to 
environmental variables. Estuar. Coasts 34, 20-31.

Gubelit, Y.I., Berezina, N.A., 2010. The causes and consequences of algal blooms: 
The Cladophora glomerata bloom and the Neva estuary (eastern Baltic Sea). Mar. 
Pollut. Bull. 61, 183-188.

Guidone, M., Thornber, C.S., 2013. Examination of Ulva bloom species richness and 
relative abundance reveals two cryptically co-occurring bloom species in Nar- 
ragansett Bay, Rhode Island. Harmful Algae 24 ,1 -9 .

Langevin, C.D., 2003. Simulation of submarine ground water discharge to a marine 
estuary: Biscayne Bay, Florida. Ground W ater 41, 758-771.

Lapointe, B.E., 1987. Phosphorus- and nitrogen-limited photosynthesis and growth 
of Gracilaria tikvahiae (Rhodophyceae) in the Florida Keys: an experimental field 
study. Mar. Biol. 93, 561-568.

Lapointe, B.E., 1997. Nutrient thresholds for bottom-up control of macroalgal 
blooms on coral reefs in Jamaica and southeast Florida. Limnol. Oceanogr. 42, 
1119-1131.

Lapointe, B.E., Bedford, J.B., 2010. Ecology and nutrition of invasive Caulerpa brachy­
pus f. parvifo lia  blooms on coral reefs off southeast Florida, USA. Harmful Algae 
9 ,1 -1 2 .

Lapointe, B.E., O’Connell, J., 1989. Nutrient-Enhanced growth o f Cladophora prolifera  
in Harrington Sound, Bermuda: Eutrophication of a confined, phosphorus- 
limited marine Ecosystem. Estuar. Coast. Shelf Sei. 28,347-360.

Leliaert, F., Rousseau, F., De Reviers, B., Coppejans, E., 2003. Phylogeny of 
the Cladophorophyceae (Chlorophyta) inferred from partial LSU rRNA gene 
sequences: is the recognition of a separate order Siphonocladales justified? Eur. 
J. Phycol. 38, 233-246.

Leliaert, F., De Clerck, O., Verbruggen, H., Boedeker, C., Coppejans, E., 2007a. Molec­
ular phylogeny of the Siphonocladales (Chlorophyta: Cladophorophyceae). Mol. 
Phylogen. Evol. 44,1237-1256.

Leliaert, F., Huisman, J.M., Coppejans, E., 2007b. Phylogenetic position of Boodlea 
vanbosseae (Siphonocladales, Chlorophyta). Cryptogam. Algol. 28,337-351.

Leliaert, F., Zhang, X.W., Ye, N.H., Malta, E., Engelen, A.H., Mineur, F., Verbruggen, 
H., De Clerck, O., 2009. Identity of the Qingdao algal bloom. Phycol. Res. 57, 
147-151.

Light, S.S., Dineen, J.W., 1994. W ater control in the Everglades: a historical per­
spective. In: Davis, S.M., Ogden, J.C. (Eds.), Everglades: The Ecosystem and Its 
Restoration. St. Lucie Press, Delray Beach, FL, USA, pp. 47-84.

Lirman, D., Deangelo, G., Serafy, J.E., Hazra, A., Hazra, D.S., Brown, A., 2008. Geospa- 
tial video monitoring of nearshore benthic habitats of Western Biscayne Bay 
(Florida) using the Shallow-Water Positioning System (SWaPS). J. Coast. Res. 24, 
135-145.

Littler, M.M., Littler, D.S., 1980. The evolution of thallus form and survival strategies 
in benthic marine macroalgae: field and laboratory tests of a functional form 
model. Am. Nat. 116, 25-44.

Littler, D.S., Littler, M.M., 1991. Systematics of Anadyomene species (Anadyomen­
aceae, Chlorophyta) in the tropical western Atlantic. J. Phycol. 27,101-118.

Littler, D.S., Littler, M.M., 2000. Caribbean reef plants. An identification guide to 
the reef plants of the Caribbean, Bahamas, Florida and Gulf of Mexico. Offshore 
Graphics, Inc., Washington, DC.

Littler, M.M., Littler, D.S., 2012. Bloom of the giant Anadyomene gigantodictyon sp. 
nov. (Anadyomenaceae, Cladophorales) from the outer slope (2 5 -5 0 m) of the 
Belize Barrier reef. J. Phycol. 48, 60-63.

Liu, D.Y., Keesing, J.K., Xing, Q,U., Shi, P., 2009. W orld’s largest macroalgal bloom 
caused by expansion of seaweed aquaculture in China. Mar. Pollut. Bull. 58, 
888-895.

McGlathery, K.J., 2001. Macroalgal blooms contribute to the decline of seagrass in 
nutrient-enriched coastal waters. J. Phycol. 37 ,453-456.

Nelson, T., Haberlin, K., Nelson, A.V., Ribarich, H., Hotchkiss, R., Van Alstyne, K.I., 
Buckingham, 1., Simunds, D.J., Fredrickson, K., 2008. Ecological and physiolog­
ical controls of species composition in green macroalgal blooms. Ecology 89, 
1287-1298.

Norton, T.A., Mathieson, A. C., 1983. The biology of unattached seaweeds. In: Round, 
F., Chapman, D. (Eds.), Progress in Phycological Research, vol. 2. Elsevier Sei. 
Publ., Amsterdam, pp. 333-386.

Peckol, P., DeMeo-Anderson, B., Rivers, J., Valiela, I., Maldonado, M., Yates, J., 1994. 
Growth, nutrient uptake capacities and tissue constituents of the macroalgae 
Cladophora vagabunda and Gracilaria tikvahiae related to site-specific nitrogen 
loading rates. Mar. Biol. 121,175-185.

Pinñó-Gimate, A., Soto-Jiménez, M.F., Ochoa-Izaguirre, M.J., García-Pagés, E., Páez- 
Osuna, F., 2009. Macroalgae blooms and <51 5 N  in subtropical coastal lagoons from 
the Southeastern Gulf of California: discrimination among agricultural, shrimp 
farm and sewage effluents. Mar. Pollut. Bull. 58,1144-1151.

Posada, D., 2008. jModelTest: phylogenetic model averaging. Mol. Biol. Evol. 25, 
1253-1256.

Scheffer, M., van Nes, S.H., 2007. Shallow lakes theory revisited: various alternative 
regimes driven by climate, nutrients, depth and lake size. Hydrobiology 584,
455-466.

Smith, J.E., Runcie, J.W., Smith, C.M., 2005. Characterization of a large-scale 
ephemeral bloom of the green alga Cladophora sericea on the coral reefs of West 
Maui. Hawaii. Mar. Ecol. Prog. Ser. 302, 77-91.

Stalker, J.C., Price, R.M., Swart, P.K., 2009. Determining spatial and temporal inputs of 
freshwater, including submarine groundwater discharge, to a subtropical estu­
ary using geochemical tracers, Biscayne Bay, South Florida. Estuar. Coasts 32, 
694-708.

Thybo-Christesen, M., Rasmussen, M.B., Blackburn, T.H., 1993. Nutrient fluxes and 
growth of Cladophora sericea in a shallow Danish bay. Mar. Ecol. Prog. Ser. 100,
273-281.

Underwood, A.J., 1997. Experiments in Ecology. Cambridge University Press, Cam­
bridge.

Valiela, I., McClelland,J., Hauxwell,J., Behr, P.J., Hersh, D., Foreman, K., 1997. Macroal­
gal blooms in shallow estuaries: controls and ecophysiological and ecosystem 
consequences. Limnol. Oceanogr. 42,1105-1118.

Vroom, P., Asher, J., Braun, C.L., Coccagna, E., Vetter, O.J., Cover, W.A., McCully, 
K.M., Potts, D.C., Marie, A., Vanderlip, C., 2009. Macroalgal (Boodlea composita) 
bloom at Kure and Midway Atolls, Northwestern Hawaiian Islands. Bot. Mar. 52, 
361-363.

Williams, S.L., 2007. Introduced species in seagrass ecosystems: status and concerns. 
J. Exp. Mar. Biol. Ecol. 350, 89-110.

William, S.L., Smith, J.E., 2007. Distribution, taxonomy, and impacts of introduced 
seaweeds. Annu. Rev. Ecol. Evol. Syst. 38, 327-359.

Ye, N., Zhang, X., Mao, Y., Liang, C., Xu, D., Zou, J., Zhuang, Z., Wang, Q,, 2011. ‘Green 
tides’ are overwhelming the coastline of our blue planet: taking the world’s 
largest example. Ecol. Res. 26,477-485.


